Microsatellites are highly mutable, repetitive sequences commonly used as genetic markers, but they have never been studied en masse. Using a custom microarray to measure hybridization intensities of every possible repetitive nucleotide motif from 1-mers to 6-mers, we examined 25 genomes. Here, we show that global microsatellite content varies predictably by species, as measured by array hybridization signal intensities, correlating with established taxonomic relationships, and particular motifs are characteristic of one species versus another. For instance, hominid-specific microsatellite motifs were identified despite alignment of the human reference, Celera, and Venter genomic sequences indicating substantial variation (30-50%) among individuals. Differential microsatellite motifs were mainly associated with genes involved in developmental processes, whereas those found in intergenic regions exhibited no discernible pattern. This is the first description of a method for evaluating microsatellite content to classify individual genomes.
Introduction
Microsatellites are simple DNA sequence repeats that have been associated with morphological changes and human diseases, especially neurological disorders (Pearson et al. 2005) . Microsatellites are typically defined as repeated units of 1-6 nt, are highly mutable (as much as 10 À4 per human locus per generation, compared with 10 À7 -10
À9
for point mutations), and have extremely high levels of polymorphism and heterozygosity, compared with highcomplexity DNA sequences (Ellegren 2004) . Microsatellites are as perplexing as they are ubiquitous, in that they are overrepresented in the human genome compared with expected levels that would be present by chance. Even closely related species exhibit significant differences in microsatellite content. For example, when human and chimpanzee microsatellites are compared, it is clear that selective forces are present, as human microsatellites differ in their mutability rates (Kelkar et al. 2008) and are longer on average than their orthologous chimpanzee counterparts (Vowles and Amos 2006) . In general, microsatellite mutability varies greatly depending on repeat number, length, and motif size (Fondon et al. 1998; Webster et al. 2002; Kelkar et al. 2008) , adding an additional dimension of potential evolutionary machinations. Simple sequence repeats have been proposed to contribute to phenotypic variation via ''fine tuning'' of gene expression under conditions of selection King et al. 2006; Fondon et al. 2008) . For example, a variable length microsatellite in the Drosophila melanogaster circadian rhythm period gene confers variable temperature sensitivity that correlates with climate (Sawyer et al. 1997; Zamorzaeva et al. 2005) . A similar phenomenon has been observed for wheat, in which microsatellite polymorphisms correlate with ecological conditions Huang et al. 2002; Li et al. 2002) . Microsatellite variation can also affect animal morphology, as is the case for two microsatellites in the coding region of the runx-2 gene, the relative lengths of which were shown to correlate with dog snout length (Fondon and Garner 2004) . Also compelling is the evidence that the presence of a microsatellite in the 5# untranslated region (UTR) of the gene that encodes the vasopressin receptor (avpr1a) correlates with social behavior in voles Young 2004, 2005) , which was experimentally verified in a mouse model (Young et al. 1999) .
Microsatellite polymorphisms in primates and humans are also suspected to contribute to human behavior and cognitive functions (Fondon et al. 2008) . There is a microsatellite upstream of the avpr1a gene in humans and bonobos (Pan paniscus), for instance, that corresponds to the one found in social voles (Hammock and Young 2005) . This region is partially deleted in the chimpanzee (Pan troglodytes), which is less empathetic than humans or bonobos (Hammock and Young 2005; Kashi and King 2006) , and a recent study of several primate species and humans suggests that the length of this microsatellite might indeed influence vasopressin receptor expression and social behavior (Donaldson et al. 2008) . Likewise, microsatellite polymorphisms in the serotonin transporter gene, SLC6A4, are believed to influence human behavior (D'Souza and Craig 2006; Fondon et al. 2008) .
Despite some evidence for microsatellite-based control of gene expression and subsequent phenotypic variation, the area is highly controversial; there is evidence that species phenotype is in part controlled by protein sequence alterations as well as cis-regulatory mechanisms to account for the genetics of evolution (Pennisi 2008) . Although this issue is hotly debated, most would agree that the genetic machinations that underlie species differentiation are complex, likely involving both coding and noncoding components. The idea that microsatellites might serve as facilitators of evolutionary processes, however, has only recently surfaced, mainly in the form of individual species discoveries. Predictably, the concept has already provoked disagreement, as researchers have continued to investigate a variety of different individual microsatellite sequence contributions to gene expression and specific end phenotypes. Fink et al., for instance, provided phylogenic evidence that challenges the involvement of the microsatellite located in the 5# UTR of the avpr1a gene in rodent monogamy (Fink et al. 2006 (Fink et al. , 2007 . Their results, based on the presence of the sequence in over 20 rodent species, suggest that the contribution of microsatellite variability to social behavior might be more complicated than a simple presence or absence of a particular sequence. Indeed, a preponderance of evidence supports a more subtle role for microsatellites in fine tuning gene expression, and consequently variations in observable phenotypes, including social behavior Young and Hammock 2007; Fondon et al. 2008) .
Due to the nonrandom nature of polymorphism of microsatellites, coupled with their unique properties (i.e., higher mutability and potential roles in gene expression regulation, recombination, and chromosomal structure), we hypothesized that global microsatellite differences might correlate with taxonomy. Such a comprehensive study had never been conducted, because microsatellites are difficult to assay en masse. Here, we describe a new microarray capable of accurately measuring global microsatellite content, and we also illustrate its ability to distinguish among various species and identify individual microsatellite motifs that are associated with genes involved in developmental processes. We define global microsatellite content as the sum of all microsatellite-containing loci, which occur in potentially hundreds or thousands of locations in a genome, for a given motif family (e.g., specific repeated sequence). Thus, we can measure the combined contributions of the distributed positions for a given motif family in a single array intensity readout. This technique may be especially useful in evaluating and differentiating species whose genome has not yet been sequenced and further annotating the repetitive content of sequenced genomes, the least accurate and complete parts of those sequences.
Materials and Methods

Sample Acquisition and Preparation
Human genomic DNA was extracted from blood samples collected from volunteers by the McDermott Center for Human Growth and Development Genetics Clinical Laboratory in accordance with Institutional Review Board. Primate genomic DNA was purchased from Coriell Cell Repositories (Camden, NJ), and Arabidopsis and corn genomic DNA was purchased from Biochain Institute, Inc. (Hayward, CA). Alaskan husky and Angus bull genomic DNA was graciously provided by John Fondon III (University of Texas Arlington) and James E. Womack (Texas A&M University), respectively. Mouse, chicken, and fruit fly genomic DNA was extracted using the DNeasy Tissue kit (Qiagen, Valencia, CA) and subsequently RNAsed, per the manufacturer's instructions. DNA samples used in this study are listed in table 1.
Array Design, Manufacture, and Processing Each array consisted of 53,735 unique probes, each replicated seven times at different positions across the array, for a total of 376,145 probes (features), from which data were obtained. The design included probes to measure repetitive DNA sequences with repeat units from 1-mer to 6-mer, all known transcription factor-binding sites, all known ultraconserved sequences, all sequences available in the RepBase database, and a series of controls. Specific details of the array design are provided as supplementary information, Supplementary Material online. A database containing all raw array data from these experiments and a text file of the corresponding probe identifiers and sequences are available for download at http://discovery.swmed.edu/gmc. All arrays were manufactured by Roche NimbleGen following their standard production methods for maskless photolithography. All DNA test samples were labeled with Cy3 and cohybridized with the same Cy5-labeled human reference (Promega, Inc, Madison, WI) . Hybridization, scanning, and data extraction were performed following Roche NimbleGen's standard protocol for aCGH arrays, and the resulting raw data were provided via CD.
Background subtraction and quantile normalization were performed using Nimblescan Software (Roche NimbleGen), followed by averaging of the five median (of seven replicated) probes and scaling to the average reference channel signal intensity value. Additional normalization (percentile shift and baseline transformation), pairwise comparisons, and one-way analysis of variance with Benjamini and Hochberg (B-H) correction were performed using GeneSpring GX 10.0 (Agilent Technologies, Santa Clara, CA). For microsatellite motifs, any observed difference (!2-fold, B-H. P value 0.05) was also expected to occur consistently across all possible cyclic permutations and relevant complement sequences. Control probes were used to gauge background levels, reproducibility of reference samples, and final statistical output. As expected, the intensity values decreased predictably between microsatellite-specific control (wild-type, mismatch, and Material online) and analyzed as described below. For taxonomic tree construction, all 60 genomes were searched for every possible cyclic permutation of all 1-mer through 6-mer microsatellites. Microsatellites had to be at least 12 bp and could not contain any insertions, deletions, or mismatches. A weighed sum was computed for each cyclic motif. This weighted sum was the sum of each microsatellite length divided by the minimum acceptable microsatellite length of 12 bp.
Computation of Microsatellite Occurrences at Individual Loci
To identify individual microsatellite loci in the three human assemblies and chimpanzee genome, a Perl script was written to search for all possible 18-to 20-bp microsatellites of 1-mer through 6-mer motifs (at least 18 bp for 3-mers and 6-mers; at least 20 bp for 1-, 2-, 4-, and 5-mers). Microsatellites could not contain insertions, deletions, or mismatches. Also, a microsatellite was not considered if the microsatellite did not meet the length requirement without including base pairs that overlapped another microsatellite. A database of genetic regions was constructed by downloading the human, March 2009 release, and chimpanzee, November 2007 release, Gene and Gene Prediction Tracks RefSeq table, from the UCSC Genome Table Browser (http://genome.ucsc.edu). This database was used to match all of the human reference and chimpanzee microsatellites to gene-associated cytogenic loci, including all exons, introns, and promoter regions (1 kb 5# of the start site). Short interspersed nuclear elements (SINEs) and long interspersed nuclear elements (LINEs) were also downloaded from UCSC for human, chimpanzee, and rhesus genomes and linked to all microsatellite occurrences (to within 500 bp) in each of these genomes for comparison.
Alignment of Human Reference Assembly Microsatellites to Other Assemblies
The three human assemblies (NCBI Build Number 36, Version 3, released March 24, 2008) and the chimpanzee (NCBI Build Number 2, Version 1, released October 4, 2006) were aligned using Blast. The 50-bp flanking sequences of each of the human reference assembly microsatellites were incrementally Blasted (with an e-value threshold of 1eÀ6 and with the low complexity filter, DUST, turned off) against the corresponding chromosome of each of the other three assemblies using a Perl script. The flanking sequence Blast hits with the lowest Blast values that were no more than 1,000 bp apart were considered to be the alignment location. This resulted in the alignment of 97.3% and 97.0% of microsatellite sequences between the human reference genome and Celera and Venter genomic sequences, respectively. Conversely, an alignment of only 92.2% was achieved using the same Blast parameters for the reference human and chimpanzee genomes. Microsatellites that did not have Blast hits for both flanking sequences were considered not to have an alignment point.
Gene Expression Analyses
To correlate human and chimpanzee gene expression differences with our computational microsatellite findings, we analyzed raw data from a previous study that examined expression differences in the anterior cingulated cortex region of the brain between humans, chimpanzees, gorillas, and macaques using Affymetrix GeneChip Human Genome U133A and U133B arrays (Uddin et al. 2004 ). We downloaded all 20 raw (CEL) array files, supplied on the author's website (www.genetics.wayne.edu/lgross/primates.htm), and performed RMA normalization across the arrays using GeneSifter software (Geospiza, Seattle, WA). Hybridization signals below background noise were discarded, and pairwise comparisons and Student's t-test were performed to compare the three human and two chimpanzee individuals. Expression was considered statistically differential for genes with a fold change of 1.5 or greater and P value of less than 0.05. The resulting list of genes was then compared with the current study results, as described in the text.
Taxonomic Trees
Data obtained from the microsatellite arrays (normalized signal intensity values) and computational analysis (log transformed computed counts within sequenced genomes), for all 5,356 wild-type microsatellite motifs, were treated identically for the purposes of tree building. All 5,356 data points for each microsatellite for each sample were first normalized using GeneSpring (percentile shift normalization followed by baseline to median normalization). A Euclidian distance matrix was subsequently produced using R software and then converted to a taxonomic tree using the neighbor program within the PHYLIP software suite and TreeView (Page 1996) . Trees were rooted using Arabidopsis (for the smaller trees) or the Archaeabacterium Halorhabdus utahensis (for the larger trees).
Statistical Analysis
Statistical analyses used in the study are described in detail throughout the Materials and Methods section. Where applicable, the data were plotted as arithmetic mean ± the standard deviation (SD), and Student's t-test (P 5 0.05) was used for data analysis.
Results
Analysis and Interpretation of Globally Differential Motifs Identified by Microarray
To measure global differences in microsatellite content between various genomes, we developed a custom Global Microsatellite Content Distinguishes Species 2811 oligonucleotide array that included seven copies of every possible 1-mer to 6-mer microsatellite motif, including cyclic permutations (e.g., AGC and GCA are cyclic permutations of CAG), and various mismatches. We also included probes on the array to assay levels of nonmicrosatellite repetitive elements, transcription factor-binding sites, and ultraconserved genetic regions. Using this array, we examined 25 individual genomes (six humans with varied ancestries, three chimpanzees, three gorillas, two orangutans, and one each of baboon, rhesus monkey, long-tailed macaque, marmoset, cow, dog, mouse, chicken, fruit fly, corn, and Arabidopsis). Commercially available pooled human reference DNA was cohybridized to each array for normalization purposes and to gauge reproducibility. Regression analysis of reference intensity values, compared with the average reference value across all 25 arrays, indicated extremely low interarray variability (R 2 values 0.97-0.99 for each array). We anticipated some intraarray variations due to differences in hybridization kinetics within microsatellite motif families as a result of basepositioning changes in the cyclic permutations and freeenergy differences in the reverse complements. However, the ratio of the SD to average signal intensity (SD/AVG) for motif groups was 0.12, which was considerably lower than the SD/AVG over all the probes (0.63 for each array). Examination of the signal intensities for probes exhibiting a single base pair mismatch confirmed the ability of the array to distinguish between closely related sequences designed to measure hybridization specificity (supplementary fig. 1 , Supplementary Material online).
We next separated the various species into two groups (hominids and nonhominids) in order to identify consistent differences in hybridization intensities of microsatellite motifs that might distinguish great apes (including humans) from other species. Of the 5,356 simple repeat sequences represented on the array, there were four motif groups that exhibited statistically differential hybridization (fold change ! 2.0, B-H corrected P value 0.05), including each possible cyclic permutation and complement sequence, between hominids and nonhominid animals and plants that were also reproducible across individual representatives of each group ( fig. 1A ). Of these consistently differential motifs, intensities representing AATGG and ACTCC in particular were hominid-specific, with similar intensity values across human, chimpanzee, gorilla, and orangutan individuals, compared with minimal detection for all other species examined ( fig. 2) . In contrast to the AATGG motif, CAGC and AACGG were more variable among hominid individuals, and the difference between hominids and nonhominids was much more subtle. The hybridization intensity for CAGC, for instance, was slightly lower in chimpanzees, compared with humans and gorillas, and this motif did not distinguish orangutans from nonhominid species ( fig. 2 ). Likewise the global intensities for AACGG indicated that it was generally higher for hominids, and the hybridization signal for this motif was particularly high for gorillas ( fig. 2 ).
There were no human-specific microsatellite motifs (i.e., motifs that were consistently differential and statistically significant between humans and all other species), with the exception of CAGC that exhibited a higher hybridization intensity than all other species except for gorillas. There were, however, two chimpanzee-specific motifs (TAGCC and TAGCCC) whose hybridization intensities were much higher for all three chimpanzee individuals compared with all other samples (figs. 1B and 2), as well as one motif (CCAGCC) that was exclusive to the two orangutans based on the array data ( fig. 2 ). All other microsatellite motifs were either nondifferential between hominids and nonhominids or were highly variable among hominid individuals (and thus not characteristic of the group of hominid species that were examined). We detected no obvious patterns related to motif lengths, as comparison of the average signal intensities for monomers, dimers, trimers, tetramers, pentamers, and hexamers indicated little difference among humans or between hominids and primates (supplementary fig. 2 , Supplementary Material online).
In addition to examining hominids versus nonhominid species, it was possible to group the 25 samples by taxonomy (primates, mammals, vertebrates, and animals) and compare them with the remaining samples that did not fall Note that CCAG and AACGG also vary considerably among hominid individuals (see fig. 2 ). Panel B shows the average signal intensity (log base 2) for six human individuals (ordinate) compared with three chimpanzees (abscissa). For simplicity, each motif, all cyclic permutations, and complements are designated by one motif name (e.g., AATGG represents all five cyclic permutations and its five complement's cyclic permutations). into the category being examined (e.g., vertebrates vs. nonvertebrates, the latter of which included fruit fly, Arabidopsis, and corn). As shown in table 2, there was only one motif (AACAT) that distinguished primates from all other animals and the two plant species. There were an additional 8 motifs that could differentiate mammals, vertebrates, animals, and plants (table 2) . Because a great deal of genetic information is available for Drosophila, we also compared the one fruit fly DNA sample with all other species and identified the motif (AATGTG) with the highest hybridization intensity for Drosophila that was virtually undetected in the other 24 samples (table 2) . A statistically significant, species-specific difference in the global content of the TTAGGG telomeric repeat was not detected between the various groups examined (data not shown). Likewise, we detected no distinguishing global differences for CAG, which we investigated because of its well-known association with multiple neurological diseases (Gatchel and Zoghbi 2005) .
In order to verify that the array was capable of accurately measuring global microsatellite content, we compared our array-generated data with data obtained from published genetic sequences. We downloaded 60 published genome sequences (supplementary table 1, Supplementary Material online) that included three hominids (human, chimpanzee, and orangutan), primates (rhesus macaque, marmoset, and galago/bush baby), and various mammals (e.g., dog, cow, rat, and mouse), vertebrates (e.g., frog, fish, and lizard), invertebrate animals (e.g., insects, worms, and sea squirt), and plants (e.g., corn, rice, and wine grape). All microsatellites were counted for each of these genomes (minimum length 5 18 bp) and the counts subsequently compared across representative species (e.g., hominids vs. nonhominids) by dividing the average summated microsatellite count for the relevant group examined (e.g., hominid) by the average count for all other species not included in that group (e.g., all nonhominid species). These computed microsatellite ratios were then compared with the array hybridization intensity ratios for the differential motifs identified using the array. As shown in table 2, the average computed microsatellite ratio for all but two of the microsatellites recapitulated the array results. These two motifs (CAGC and TAGCC) might have differed due to incomplete published sequences or due to the method chosen for counting microsatellites found within the published genome sequences. However, the computed ratio for the Array ratio 5 the ratio of the hybridization signal intensities of the relevant group of species versus all other species that do not fall into the category being examined (e.g., hominids vs. nonhominids). Computed ratio 5 the ratio of the number of microsatellites found in the sequenced genomes of published species for the relevant group (e.g., hominids) versus all other sequenced genomes examined. (The sum of all genomic microsatellites was counted for a total of 60 published genomes, which are listed in supplementary table 1, Supplementary Material online.) The numbers of human loci that harbor each motif, as well as the number of human genes in, or near, which the microsatellite is found (within or 1,000 bp proximal to) are also shown.
CAGC motif, which was higher in humans compared with all other species examined apart from gorillas ( fig. 2) , increased dramatically (to 89.1) when the published human reference genome was compared with the various other sequenced species.
In contrast to the results obtained for microsatellite motifs, there were no statistically significant and consistent intensity differences detected among the various species examined for the 22,072 probes representing nonmicrosatellite repeat sequences (data not shown). Regression analysis confirmed the overall similarity (average R 2 value 5 0.93) between each individual species sample for nonmicrosatellite repeat probes that included ALUs, SINEs, and LINEs, for instance. Likewise, ultraconserved sequences were .92% similar on average between any two groups, as were the hybridization intensities of the 4,777 transcription factor-binding sites.
Examination of Individual Loci Associated with Globally Differential Motifs
To identify potential functional consequences of differential microsatellites, the four motif families (groups of cyclic permutations and complements) that were found to be significantly and reproducibly different between hominids and nonhominids were further analyzed, both computationally and manually. The location of the motif relative to any nearby human genes was recorded, and copy numbers (of the pure tandem repeat unit) in the published human, chimpanzee, orangutan, rhesus macaque, marmoset, mouse, and stickleback fish genomes were compared. We identified 157 individual loci associated with 87 specific genes (i.e., exons, introns, UTRs, and upstream and downstream regions within 1,000 bp of the coded sequence) that harbor these four microsatellite motifs. The most striking result was the number of differential motifs in the introns of genes known to have multiple alternative splice variants (;97%) (supplementary table 2, Supplementary Material online), which is much higher than the expected value (i.e., ;40% of all known human genes have splicing variants) (Lian and Garner 2005; Sultan et al. 2008 ). This may be especially significant in light of recent published data suggesting that exon deletion is the most common mechanism of genetic alternative splicing (Sultan et al. 2008) . Consistent with the array findings, nearly all (.99%) of the individual loci associated with the four differential motifs (i.e., 157 locations, 87 specific genes) contained microsatellites that differed in copy number between the three hominids (i.e., humans, chimpanzees, and orangutans) and four nonhominids that were manually examined. However, the human sequence also differed from the other two hominids examined for the majority of loci that harbored the four globally differential microsatellites (supplementary table 2, Supplementary Material online).
A significant proportion (;51%) of gene functions among the genetic loci demonstrating microsatellite variability on the microarray were those related to brain development, nervous system development and function, the development of various morphological features, and organ-specific development and maintenance (table 3, the complete gene list is provided in supplementary table 2, Supplementary Material online). This finding is in contrast to the ;30,000 human genes listed in the NCBI RefSeq database, in which nearly two-thirds (17,278 genes) were found to harbor one or more microsatellites or contain a microsatellite within 1,000 bp of the transcribed region of the gene; this set of microsatellite-containing genes was evaluated computationally and was not enriched for developmental or neurological processes (data not shown). The association of developmental genes with species-specific microsatellites was not limited to those motifs that distinguished hominids from other animals and plants, as shown in table 3.
In contrast to gene function-associated patterns for differential microsatellite motifs, no correlation was found between intergenic microsatellites and nongenic DNA sequences (transcription factor-binding sites, ALUs, SINEs, or LINEs) that may indicate an interaction with or influence of microsatellite variability and these other elements. There was very little difference in the hybridization intensity values among the various samples examined for the majority of the 4,777 transcription factor-binding sites represented on the array. However, we identified the 20 most profoundly differential transcription factor-binding sequences between hominids and primates (supplementary fig. 3 , Supplementary Material online) and searched for those microsatellite motifs (AATGG, ACTCC, CAGC, and AACGG) that were found to be consistently differential between hominids and nonhominid primates, based on the array results. None of these hominid-specific motifs were tandemly repeated (2 or more copies) within 500 bp of the 20 transcription factor-binding sequences in human, chimpanzee, orangutan, rhesus, marmoset, mouse, chicken, or stickleback fish genomes, which were aligned using the UCSC genome browser. Likewise, there were no correlations between these four hominid-specific motifs and nonmicrosatellite repetitive DNA elements (i.e., SINEs and LINEs). When the incidence of hominid-specific motifs in the published genomes of the human, chimpanzee, and rhesus macaque were compared with and without inclusion of those motifs located in or near (within 500 bp) SINEs and/or LINEs, the resulting ratios were similar (supplementary fig. 4A, Supplementary Material online) . Likewise, examination of motifs not expected to differ among humans, chimpanzees, and rhesus macaque (e.g., the primate-specific motif AACAT), resulted in no difference irrespective of inclusion of those individual microsatellite-containing loci in or near SINEs or LINEs (supplementary fig. 4B , Supplementary Material online).
Comparative Analysis of all Microsatellite-containing Loci in the Published Genomes of Humans and Chimpanzees
To identify individual differences in microsatellite length (i.e., microsatellite polymorphisms), at a gene locus resolution, we computationally analyzed all microsatellite motifs found within 1,000 bp of RefSeq genes and recorded copy number differences for the human reference, Celera, and Venter genomes (Lander et al. 2001; Venter et al. 2001; Levy et al. 2007 ). We identified ;500,000 microsatellites in the human reference genome, 207,885 of which are located in or near 17,278 (of ;30,000 total) RefSeq genes (i.e., within 1,000 bp of the coding region). Of these ;200,000 gene-associated loci, 31.3% and 47.3% differ between the human reference genome and the Celera and Venter assemblies, respectively (table 4). Microsatellite flanking sequences in the reference genome that did not align well to Celera (2.7%) or Venter (3.0%) genomic sequences, as well as those that aligned to unsequenced regions (loci containing ''N''s where the flanking or repetitive sequence should have been, 0.1% and 0.3% for the Celera and Venter genomes, respectively) were disregarded in all comparison calculations. The pattern of microsatellite variations among the three genomes was similar for all genomic regions (i.e., ;33% and 50% of the loci were polymorphic for the reference genome compared with Celera and Venter published sequences, respectively), except for those microsatellite sequences found within exons. As shown in table 4, there were far fewer microsatellite variations in exonic regions (8.4% for Celera and 20.1% for Venter genomes compared with the published reference sequence), and the differences most often consisted of length alterations of 3-base pair multiples (modulo-3), as expected (supplementary fig. 5 , Supplementary Material online). This is consistent with elevated selection pressure in exons, especially for minimizing nonmodulo-3 frame shift-causing variations.
There were a total of 103 polymorphic microsatellite loci in the exonic regions of 95 different genes (supplementary table 3, Supplementary Material online), the functions of which are mainly those related to gene expression regulation (42 genes, Z score [Z] 5 2.2-14.6, B-H P value 5 0.05-0.001) or development (40 genes, Z 5 2.2-4.2, B-H P value 0.04-0.007), especially nervous system development and function (21 genes, Z 5 2.2-8.4, B-H P value 5 0.005-0.02). Twenty-five of these genes contained microsatellite differences that were not modulo-3 and would thus introduce frame shifts (i.e., 13 and 19 genes contained a deletion or expansion that was not a multiple of three in the reference genome compared with the Celera and Venter sequences, respectively). There were 1,489 human RefSeq genes, in or near which 2,009 microsatellite sequences were located in the reference genome that were deleted or interrupted in the corresponding Celera or Venter locus. There were no statistically overrepresented gene ontologies in this list of genes after multiple hypothesis correction; however, the most prevalent physiological process was nervous system development and functions (Z 5 2.4, 77 genes, B-H P value 5 0.4-0.6).
We also compared the microsatellite content of the published chimpanzee genome with the human reference sequence (resulting in 92.2% high-quality alignment) and found a much higher incidence of overall microsatellite variations (86.3%). The distribution of these differences (i.e., 276,400 and 95,461 human microsatellites were longer and shorter, respectively, compared with the corresponding chimpanzee sequence) is consistent with previous observations that human microsatellites are longer on average than those in chimpanzees (Cooper et al. 1998; Vowles and Amos 2006) . Of the 17,278 human genes that harbor microsatellites, 16,014 contain at least one microsatellite that differs in copy number between the human reference genome and published chimpanzee sequence. The 617 exonic microsatellites that differed between humans and chimpanzees are mainly associated with developmental and neurological processes (Z 5 2.1-7.0, B-H P value 5 5.6 Â 10 À4 -1.9 Â 10 À2 ), including anatomical structure development and morphogenesis (73 genes), embryonic development (61 genes), nervous system development and function (49 genes), tissue development (40 genes), brain development (11 genes), neurogenesis (14 genes), and the development of various organ systems (54 genes). Microsatellite content also correlated with a previous report indicating that there are significant gene expression differences in the anterior cingulate cortex between humans and chimpanzees (Uddin et al. 2004) . We identified 2,102 genes that are differentially expressed (.1.5-fold, P value , 0.05) between human and chimpanzee brain regions, based on our analysis of the data set (three human and two chimpanzee individuals), and 1,900 of these genes (;90%) harbor at least one microsatellite. The majority (1,815 genes) contain a total of 28,275 microsatellites that differ in copy number between humans and chimpanzees, which represents ;80% of the microsatellites located in these genes (data not shown).
Microsatellite Differences Vary Predictably by Species
In addition to examining global and individual microsatellite differences between various prechosen groups, hierarchical clustering and taxonomic tree construction were performed to compare microsatellite content across multiple species, some of which are not yet fully sequenced. Hierarchical clustering of all 5,356 normalized microsatellite hybridization intensities resulted in a heat map that successfully illustrated the separation of species, including individual species representatives (supplementary fig. 6 , Supplementary Material online). Each motif family was also clustered appropriately, without exception (e.g., CAG, AGC, and GCA clustered together. When this same clustering method was used to examine the 22,075 nonmicrosatellite repeat probes (e.g., ALUs, SINEs, and LINEs) represented on the array, these same samples were not correctly classified by species (supplementary fig. 7 , Supplementary Material online). Hierarchical clustering of ultraconserved sequence intensities (supplementary fig. 8 , Supplementary Material online) also failed to separate species appropriately (e.g., all six humans did not cluster together).
Similar results were obtained when taxonomic trees were produced from a Euclidian distance matrix for all 25 samples using the Neighbor-Joining method. As shown in supplementary figure 9A , Supplementary Material online, the resulting tree using all 5,356 wild-type microsatellite hybridization intensities grouped same species together and correctly separated hominids from nonhominid animals and plants. For comparison, we also constructed a large taxonomic tree using 60 published genomes (supplementary fig. 10 , Supplementary Material online) and found that similar species generally grouped together (e.g., 12 Drosophila species occupied the same node), and the few primate examples were grouped together. However, there were also a variety of inconsistencies that conflict with what would be expected based on known taxonomic relationships (e.g., plants were not well separated from Arthropods). In general, the data suggested that global microsatellite content varies least among very closely related species and does not precisely reflect large differences in distantly related species. We expected some discrepancies due to incomplete or inaccurate sequencing, Differences are greater between human and chimpanzee genomes.
Ref 5 the published human reference genome, to which Celera, Venter, and chimpanzee genomic sequences were compared. Only genes in the RefSeq database were included. A ''count'' is defined as a complete tandem repeat at least 18 bp (for 3-mers and 6-mers) or 20 bp (for 1-, 2-, 4-, 5-, and 6-mers), in length. Upstream and downstream (indicated by an asterisk, *) were defined as 1,000 bp distal from the transcribed gene.
the precise microsatellite ''counting'' algorithm, or potentially the taxonomic tree making method used. However, the results are consistent with the microsatellite life cycle theory (i.e., fluctuation between expansions, deletions, stabilization via introduction of SNPs, and reactivation) and suggest that microsatellites fluctuate as a whole (i.e., globally) in addition to individually varying at random (Buschiazzo and Gemmell 2006) .
Discussion
The global microsatellite content array described in this study provides a method to examine one of the least understood regions of the genome and also provides information that cannot be readily achieved by individual locus studies or sequencing. For instance, summated global microsatellite content as measured using the array does not rely on sequenced repetitive regions, which are the least resolved portions of published genomes, and individuals can be quickly and accurately examined without reliance upon a reference genome that does not capture intraspecies microsatellite polymorphisms. The latter advantage is particularly noteworthy, because microsatellites do not merely vary among species but are also extremely polymorphic among individuals. Our analysis of three published human genome sequences suggests that the sum of sequencing errors and natural polymorphisms at these loci between any two humans is between 30% and 50% (table 4) .
The overall similarity of microsatellite content, as inferred from hybridization intensity, in humans compared with other hominids is somewhat surprising despite our common ancestry, because microsatellites are highly mutable and vary widely among individuals. Nonetheless, the summated levels of two microsatellite motifs in particular (AATTG and ACCTC), as derived from hybridization intensity ( fig. 1) , clearly differentiate the 14 hominid individuals examined from other animals and plants ( fig. 2) . Genes that harbor these motifs, as well as motifs that characterize other taxonomic groupings, are mainly those involved in a wide range of developmental processes. It is tempting to speculate that the association of these motifs with developmental genes contributes to the ability of global microsatellite content to accurately group species according to phenotypic differences. Whether this association is causative, correlative, or merely coincidental is beyond the scope of this study, but our findings suggest that the phenomenon warrants further investigation, especially in light of the fact that microsatellites have been previously implicated in gene expression regulation (Rose and Beliakoff 2000) and alternative splicing (Lian and Garner 2005) .
Based on our assessment, microsatellites vary predictably and consistently between and among species, with certain motifs characteristic of particular species (e.g., the chimpanzee-specific motifs TAGCC and TAGCCC, table 2). This phenomenon suggests that there are possibly differences in replication or DNA repair machinery mechanisms that favor errors or corrections of errors in one species versus another. This hypothesis is not entirely without precedence, as differences in the repair rates of some microsatellite motifs have been previously reported. For example, the DNA mismatch repair protein, human postmeiotic segregation 2, has been shown to exhibit motif-specific bias at tetranucleotide repeat sequences (Shah and Eckert 2009 ). Alternatively, species-specific expansion of certain motifs or genomic regions containing differential motifs when species diverged might account for the global microsatellite differences observed between different species. Although we were not able to identify any discernible pattern between microsatellites that varied in frequency between species and the noncoding genomic sequences we examined (ALUs, SINEs, LINEs, and transcription factor-binding sites), global microsatellite content might nonetheless track with noncoding sequences (e.g., introns) that are under evolutionarily pressures that vary among species. In support of this concept, a recent study demonstrated that microsatellites are reliable molecular clocks that can be used to accurately deconvolute deep lineages of human genetic variation (Sun et al. 2009 ).
It is not clear whether global microsatellite differences between species is a causative phenomenon or the result of species differences in any number of possible mechanisms, such as differences in replication or DNA repair. However, the consistent and reproducible patterns of microsatellite differences, coupled with their known involvement in a variety of human diseases and measurable phenotypes, imply that they are worthy of further investigation and conceivably perform functions that have not yet been discovered due to the lack of a method to study them systematically. Several researchers have suggested that microsatellite polymorphisms, unlike single-point mutations, might confer an evolutionary advantage (Hammock and Young 2005; King et al. 2006; Young and Hammock 2007; Fondon et al. 2008 ). Microsatellites may not be drivers of speciation or major regulators of evolutionary change but rather might function as facilitators of the natural variation that accompanies phenotypic alterations. The custom array described here provides a means, for the first time, to directly investigate global microsatellite content, which is a first step toward elucidating the underlying mechanisms involved in microsatellite variation among species and same-species individuals and ultimately the consequences of these differences.
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